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INVESTIGATION OF TEE EFFECTS OF TWIST AND CAMBER OW TBE 

AERODYNAMIC CHARACTERISTICS OF A wo 38' SWEPTEACK 

WING OF ASPECT RATIO 2.98 

TRANSONIC-BUMP -OD 

By Kenneth P. Spreemann and William J. Alford, Jr. 

An investigation of two semispan  wings of  ident ical  plan form 
(mept back wo 38* ) was conducted i n   t h e  l ey  high-speed 7- by 
10-foot tunnel  over a Mach  number range of 0 8 t o  1.15 by means of 

camber  on the aerodynamic characterist ics of a sweptback wfng. This 
paper  presents the results of the  investigation of wing-alone and 
wing-fuselage  configuratione of the  two wing%; one was an untwisted 
and uncambered  wing and the  other  incorporated t w i s t  and camber 
designed t o  give  uniform load at a lift coefficient of 0.25 at a Mach 
number of 1.10. The semispan wings had t h e i r  quarter-chord  lines 
swept back To 389, aspect  ratios 2.98, taper ra t ios  0.45, and modi- 
f ied  NACA 64A-series airfoil   sections  tapered i n  thickness. L i f t ,  
drag, pitching moment, and root bending moment w e r e  obtained  for  these 
configurations. 

t 

? 
c the transonic-bump technique t o  determine the   e f fec ts  of twist and 

The resu l t s  show tha t ,  f o r  lift coefficients above 0.10, the 
l i f t -drag  ra t ios  were increased  throughout  the Mach nuriber range  inves- 
t igated by twisting and cambering the wing. No Bignfficantly  large 
changes in   l i f t -curve   s lope ,   min im drag, o r  movement of the 
aerodynamic-center location were occasioned by twisting and cambering 
the wing. Camber and twist resulted in negative  displacements of the 
pitching-moment curve, par t icular ly  fo r  the  dng-fuselage combination. 
The pitching moment a t  zero lift generally showed rather small vari- 
aticns  with %ch number. 
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INT~ODUCTIOM 

I n  the  transonic and supersonic  speed range one of t h e  
promising configurations from a compromise between aerodynamic  and 
s t ructural  requirements i s  the swept  wing of low aspect  ratio  with  thin 
ai r foi l   sect ion.  A wing of this type has the advantage of low drag at 
zero lift but t h i s  gain i n  performance is par t ly   offset  by high drag 
due t o  lift. Previous investigations at subsonic and supersonic  speeds 
have sham  that the lift-drag characterist ics can be  improved by 
twisting and cambering the wing (references 1 and 2). To secure  infor- 
mation through  the  transonic  speed  range, two wings were investigated; 
one  was an untwisted, uncambered  wing (hereafter re fer red   to  as a f la t  
wing) similar  t-o one tested at subsonic and supersonic speeds (refer- 
ences 3 and  &)-and the  other had the same plan form but  incorporated 
twist and camber designed t o  give uniform loading a t  a Mach  number 
of 1.10 and a lift coefficient of 0.25. 

This investigation was conducted i n  the L&rigley high-speed 7- 
by  10-foot  tunnel  over a Mach number range between 0.68 and 1.15 which 
was obtained by use of the transonic-bump method. Included in the  
paper are the  resul ts  of the investigation of the winga-alone and wing- 
fuselage combination8. Lif't, drag, pitching moment, and root bending 
moment w e r e  obtained f o r  these configurations. 

, .  
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lift coefficient (Twice semispan l i f t /qS)  

drag coefficient (Twice semispan drag/qS) 

pitching-moment coefficient referred t o  0.2% 
(Twice semispan pitching moment/qSE) 

bending-moment coefficient axis parallel t o  re la t ive 
wind i n  plane of  bending 

effective  over span of model, pounds per 
square foot 

twice wing area of semispan model, 0.125 square foot 
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C mean aerodynamic chord of wing, 0.215 foot, based on 
I 

relationship c2 dy (using theore t ica l   t ip )  

3 

M 

M2 

% 
R 

P 

a 

E 

d 
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a C,=O 

Yc. a. 2 .  

local  wing chord para l le l  t o  plane of symmetry, fee t  

twice  span of semisp~n model, 0.61 fpot 

spanwise distance from plane of symmetry, feet 

air density,  slug8  per  cubic foot 

stream  velocity over model, fee t  per second 

effective Mach  number (gs,”” ma w) 

local  Mach number . 

average chorMse  Mach number 

Reynolds number (pE/p)  ’ 

absolute  viscosity, pound-seconds per square  foot 

angle of attack of fuselage  reference  line (E: I s  para l le l  
t o  fuselage  reference  line),  degrees 

angle of w i n g  twist  measured relative t o  fuselage  refer- 
ence l i ne  (fig. l ( b ) ) ,  degrees 

chordwise distance from w i n g  leading edge p a r a l l e l   t o  
plane of symmetry, fee t  

camber, I eet 

lift-drag ra t io  

angle of attack  at  zero lift coefffcient,  degrees 

la teral   center  of additional loading, percent semispan 

(1w 2) 
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C 

C 

C 

43 

%in 

LC 

(L/D),ax maximum l i f t -drag   ra t io  

pitching-moment coefficient  at   zero l i f t  coefficient 

m i n i m  drag coefficient 

lift coefficient at minimum drag  coefficient 
%in 

CL lift coeff ic ient   a t  maximum l i f t -drag  ra t io  
(L&= 8 

MODELS ApaD APPAwlTuS 

The s t ee l  wings of t h e   f l a t  and the  twisted and cambered semispan 
mde l s  had wo 38' sweepback of t h e i r  quarter-chord  lines,  aspect 
ra t ios  of 2.98, and taper rat ios  of 0.45. The airfoi l   sect ions of the 
f l a t  wing perpendicular t o   t he  29.3-percent-chord l ine,  where the 
29.3-percent-chord l ine  intersects   the '  streamwise  root and t i p  chords, 
were NACA 64 AOIO.gvat the  root and EJACA 64 ~ 0 0 8 . 1  at the  t ip .  
The same 64A-series a i r foi l   th ickness   dis t r ibut ion was placed around 
the mean camber surface of the  twisted and cambered wing. The maximum 
streamwise  thicknesses were 7.4 percent a t   the   root  and 5.6 percent at 
the   t ip .  Two-view drawings  of t he   f l a t  (uzitwisted, uncambered) wing- 
fuselage and the  twisted and cambered wing-fuselage models are  pre- 
sented as f igures   l (a )  and l ( b )  , respectively. Photographs of t he   f l a t  
wing alone and f l a t  wing-fuselage  combination are  presented as ffg- 
ures  2(a) and 2(b),  respectively.  Ordinates of the  fuselage used are 
given in   t ab le  I. 

(10) (08 1 * 

I 

I 

The twisted and cambered wing was designed t o  obtain a uniform 
load  distribution  at  a Mach number of 1.10 and a l i f t  coefficient 
of 0.23. The theoretical  mean-surface  coordinates  of a wing having 
uniform load  at  the  design  conditions were calculated by the method of 
reference 5.' It wae found from cross  plots of the computed resul ts  
that   the  camber (perpendicular  distance above chord line)  could be 
sa t i s fac tor i ly  modified t o  give a l inear  variation  in camber with 
distance  along any constant  percent  chord. The theoretical  camber  and 
the  l inear  camber actually  used  are  presented  in  figure 3, along w i t h  
the m a x l m m  camber and the  angle of wing twist. The chordwise location 
of the m a x i m u m  camber was 40.0 percent of the streamwise  chord  through- 
out  the span. To avoid the  impracticably  large wing t w i s t  a t   the  root, 
the   theoret ical   twist  was modified by using a l inear  fairing. 

_ .  

Force and moment measurements were made with a strain-gage  balance 
enclosed in  the  tunnel bump. The l i f t ,  drag,  pitching moment, and root 

I 
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bending moment were recorded with recording  potentiometers. The angle 
of a t tack was measured by mans of a slide-wire  potentiometer md 
recorded wfth a galvanometer. 

TESTS 

The tests were conducted i n   t h e  Langley  high-speed 7- by 10-foot e 

tunnel by the  transonic-bump  technique  (reference 6 ) .  The bung u t i -  
l i z e d  in this investigation was larger  than  that  of  reference 6;  thus, 
because of the  reduction  in bumg curvature,  the  local Mach  number @ad- 
ien ts  w e r e  considerably less than  those  associated  with the bump of the  
aforementioned  reference. It was pointed  out i n  reference 6 t ha t   t he  
effect  of bump curvature and loca l  Mach number gradients on the bump 
resu l t s  was to move the aerodynamic-center  positions somewhat rearward 
of positions  indicated by sting setups,  or by semispan  setups employing 
a f la t  reflection  plane. However, no consistent  effects of bump curva- 
ture and loca l  Mach  number gradients were noticed on the  other aero- 
m d c  parameters. 

r 

The changes in sweep angle of the quarter-chord l i ne  of the  model 
&used by the bump curvature were an increase of  1.0' ahead of the  

behind the balance  center  line  at the t i p   q u a r t e r  chord.  Typical con- 
tours of loca l  Mach number i n  the v ic in i ty  of the model location, 
obtained  from surveys w i t h  no model in  posit ion,   are shown i n  fig- 
ure 4. The dashed l ines  near the root of the wing (fig. 4) represent 
a loca l  Mach  number tha t  i s  5 percent below the maximum value and indi- 
cate  the  extent of the  bump boundary layer. It is  seen  that  outside 
the boundsfy lsyer   there  is a local  Mach number variation of about 0.01 
over  the model semispan at the lowest Mach nunbers  and  about 0.05 a t  t he  

generally less than 0.015. The effective test MEch number  was obtained 

- .  balance  center  line at the  root quarter chord and a decrease  of 2.3O 

I 

- highest Mach numbers. The average  chordwise Mach  number variation i s  

from additional  contour  charts shilar to those  presented  in  figure 4 
r b / 2  

from the  relationship M = cM, dy. The Mach  number range  gener- 

ally extended from 0.68 to 1.15 through an angle-of-attack  range from 
about -go t o  24O. 

J o  ' 

A gap of about 1/16 inch w a s  maintained between the  wing root 
chord and the bump turntable and a sponge-wiper seal was fastened t o  
the wing butt beneath the  surface of the   tu rn tab le   to  minimize leakage. 

as   to   re ta in  the  bump contour at a l l  angles of attack. 
-I The turntable was located  flush w i t h  the bump surface and supported so 

. 
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Jet-boundary  corrections have not been evaluated  because  the 
boundary conditions t o  be satisfied  are  not  rigorously  defined. How- ,. 
ever, inasmuch as the  effective flow f ie ld  was large compared w i t h  the 
span and the chord of the model, the  corrections  are  believed t o  be 
small. Corrections due to   aeroelast ic   effects  were less  than 1.0 per- 
cent and were not  applied to   the  data .  

The variation  .of mean t e s t  Reynolds number with Mach number is  
shown in  f igure 5. The cross-hatched  region of this   plot   indicates  t h e  
range of Reynolds number caused by variations in the  atmospheric con- 
ditions  during  the  course of the  investigatlon. 

RESULTS AMD DISCUSSION 

A l i s t  of the  figures  presenting  the  results  follows: 

Figure 

Basic aerodynamic data: 
Wing alone . . . . . . . . . . . . . . . . . . . . . . . . . . .  6 
Wing-fuselage . . . . . . . . . . . . . . . . . . . . . . . .  7 

Lift-drag  ratios: 
Wing a lone .  . . . . . . . . . . . . . . . . . . . . . . . . . .  8 
Wing-Fuselage . . . . . . . . . . . . . . . . . . . . . . . .  9 

Summary of aerodyaamic characterist ics:  
Wing alone . . . . . . . . . . . . . . . . . . . . . . . . . .  10 
Wing-f’uselage . . . . . . . . . . . . . . . . . . . . . . . .  11 

Unless  otherwise  noted,  the  discussion i s  based on the summary 
curves  preaented in   f igures  10 and 11. The slopes presented i n  these 
figures have been averaged  over a lif-hcoefficient  range of 0 t o  0.4. 
It should be pointed out that  in  the  following  discussion  the changes 
in   the  aerodynamic characterist ics of the  wing-fuselage  combination 
a t t r ibu ted   to  wing twist  and camber may also  include  interference. I 

effects  caused by the change i n  angle of wing incidence at   the  wing- 
fuselage  juncture. 

L i f t  Characteristics 

The wing-alone lift-curve slopes (fig.  10) were only  sl ightly 
affected by twisting and cambering the wing, although it may be 
observed that  the  variation  with Mach  number WE sl ight ly   greater   for  
the  twisted and cambered wing. Comparison of the  lift-curve slopes f o r  

! 
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f 

the  two wing-f’uselage  combinations (fig. 11) shows that  twisting and 
cambering the wing  gqve increases i n  lift-curve slopes of 0.002 
t o  0.004. 

The angle of attack f o r  zero lift of the v ings  alone, %=o 
(fig.  10) was decreased  about 2O throughout  the Mach  number range  by 
twisting and c e r i n g  the wing. In the  wing-fuselage  comparisons, 

the wing (maximum reduction of  about lo). This apparent  reduction i n  
the change i n  % may be at t r ibuted to the  loss i n  lift caused  by 

(fig.  11) was considerably  less  affected by twisting and cambering 

L=o 
the  fuselage  covering  part of the  wing  where large  positive changes i n  
twist’are  present.  It may be noted that the  angles of  attack f o r  zero 
lift of the  twisted and cambered nfng were reasonably  constant w i t h  Mach 
nmiber f o r  both  wing-alone and wing-fuselage  configurations, even  though 
they were not  as  constant  as f o r  the f lat  wing. 

Throughout the Mach number range the  la teral   centere  of  additional 
loading (yc. a. of the twisted and cambered wfng for  both wing-alone 
and wing-fuselage  configurations  (figs. 10 and 11) were 1.5  t o  2. o per- 
cent of the semispan farther outboard  than the la teral   centers  of addi- 
tional  loading of the flat wing. 

Drag Characteristics 

.. 

Twisting  and  cambering the wing caused only slight changes in   t he  
shapes of the drag curves but did sh i f t   t he  curves i n  such  a manner as 
t o  cause a given  drag  value t o  OCCUT a t  a higher lift coefficient. The 
summary curves  (figs. 10 and 11) indicate  that,  at  the  higher Mach nun- 
bers,  twisting and cambering the  w i n g  gave s l igh t ly  lower minimum drag 
coefficients  than the flat wing for both wing-alone and wing-fuselage 

’ configurations. However, it is possible  that asylmnetry of flow  over the 
bump may have  been responsible f o r  the apparent  reduction i n  ‘ U n  Of 
the  twisted and cambered wing, inasmuch as calculations of induced drag 

about 0.001 higher than  that  of the flat wlng. The fac t   tha t   the  mi- 
drag coefficients of the twisted and cambered wing occurred at positive 
lift coefficients f o r  both  wing-alone and wing-fuselage  configurationa 
IS of  particular  significance f o r  high-speed flight a t  low lift coef- 
f ic ients .  It should be noted that the minimum drag  coefficients of t he  
wing-fuselage  combination may be high because of the skin f r i c t ion  and 
interference drag caused by the  additional fizselage surface and the gap 
between the  fuselage and the bump surface. It is   par t icular ly   not ice-  
able in  the  basic  drag  data  (figs. 6 and 7) that  twisting and  cambering 
the wing was quite  effective in reducing the drag due t o  lift f o r  both 
wing-alone and wing-fuselage  configurations. 

. indicated that Ckn of the  twisted and canitereti wing should be 
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Lift-Drag  Ratios 

Over  most of the  l if t-coefficient range, the  l i f t -drag  ra t ios  
(figs. 8 and 9) were greatly  increased by twisting and  cambering the 
wing. S l i g h t  reductions i n  L/D, due t o  twist and camber, sometimes 
occurred at l i f t  coefficients below 0.10. The twisted and cambered 
wing-alone and wing-fuselage  configurations have considerably  higher 
values of (L/D)mu (figs.  10 and 11) than  the f la t  wing configurations 
(30 t o  65 percent  for. wing-alone and 15 t o  25  percent f o r  wing- 
fuselage).  Increases  in Mach number caused  reductions in  the  values 
of (L/D),=, particularly on the twisted and cambered wing. The large 
reductions i n  (L/D),, observed between Mach numbers of 0.92 and 0.97 
may be at t r ibuted  pr imari ly   to   the  r ise   in  i n   t h i s  Mach  number 
range. c%in 

The lift coefficient  at which (L/D)max occurred  usually was 
sl ightly  higher  for  the twisted and cambered wing configurations  than 
for   the  lplat wing configurations. Large Mach number effects  on CL 

Mach numbers between 0.W and 1.00, except-In  the  case  of  the twisted 
and cambered wing-alone configuration, which appeared t o  be relat ively 
unaffected by Mach number. 

fo r  (L/D),, were indicated  for  all  the  configurations  investigated at 

Pitching-Moment Characteristics 

Comparison of the  curves of a C m P C L  (figs. 10 and 11) shows that ,  
in   the  subsonic Mach  number range,  twisting and cambering the wing 
usually  resulted  in more forward  locations of the aerodynamic center 
f o r  both wing-alone and wing-fuselage  configurations. The usual  rear- 
w a r d  movements o f  the aerodynamic center  that  occur i n   t h e  mixed-flow 
regLon a t  Mach numbers between 0.90 and 1.00 w e r e  s l ight ly   greater  
for  the  twisted and cambered configurations  than  for  the  flat wing 
configurations. It should be noted t h a t  the  fairings of a t  
Mach numbers between 0.89 and 0 . B  for   the wing-fuselage  combinations 
(sham by dashed lines)  are somewhat i n  question  because of the  lack 
o f  tes t   points   in  what appears t o  be E very c r i t i ca l   reg ion .   In  
general;  the aerodynamic-center locations of the twisted and cambered 
wing configurations were more affected by Mach nuniber than  those of the 
f lat  wing configurations. The basic pitching-moment data  (figs . 6 
and 7) indicate  that  the  use of a twisted and cambered wing delayed the 
unstable  break in   pi tching moment t o  higher lift coefficients in the 
lower Mach number range. However, above a Mach number of 0.94 the 
unstable break i n   t h e  pitching-mament curves  occurred at lower l i f t  
coefficients  for  the  twisted and cambered wing than  for .   the  f la t  wing. 
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It may be observed that  these  effects were less  noticeable f o r  the 
wing-fuselage  combination. 

9 

A slight  negative value of pitching-moment coefficient  at  zero 
lift Cm, (f ig.  10) w-as evidenced by the  twisted and  cambered 
wing alone. With the  fuselage  installed, an increment in C 
of -0.04 (fig.  11) m a  observed for  the  twisted and cambered wfng- 
fuselage  configuration at Mach numbers below 0.9 although above a Mach 
number of 0 . 9  t h i s  increment was noticeably reduced. However, the 

and, therefore, trim changes affected by C& would be rather  small 
f o r  e i t he r   t he   f l a t  o r  twisted and canibered  wing configuratione. A t  
subcri t ical  speeds it can be shown theore t ica l ly   tha t  t h e  negative 
increment i n  C caused by camber i s  par t ia l ly   o f fse t  by the  basic 
t w i s t  distributions.  It would be expected that  with  the  fuselage 
instal led on the wing the  counteracting  effect of wing t x f s t  w o u l d  be 
appreciably  reduced  because of the  large twist gradient  enclosed in   t he  
fuselage  (see  fig. 3) .  

mo 

variations throughout the Mach  number range eeemed t o  be gradual 

mo I 

CONCLUSIONS 

An investigation of the   e f fec t  of twist and cmber on the aero- 
dynamic characterist ics of a sweptback wing indicated  the  following 
conclusions: 

1. A t  lift coefficients above 0.10, the  twisted and cambered 
wing  gave larger  values of l i f t -drag ratios throughout the Mach 
number range than  the  untwisted, uncambered wing. 

2- No significantly  large changes in  l if t-curve  slope,  mi- 
drag, O r  movement Of the aerodynamic-center location w e r e  occasioned 
by twisting and cambering the wing. Camber and twist resulted  in nega- 
t i ve  displacements of the pitching-moment curves, particularly fo r  the 
wing-fuselage  combination. The pitching moment a t  zero lift generally 
showed rather mall variations  with Mach number. 

Langley Aeronautical  Laboratory 
National Advisory Committee fo r  Aeronautics 

Langley Field, Va. 
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(a) Flat wing-fuselage  combination. 

Figure 1. - Wing-fuselage  combinations with 50° 38' sweptback wings, as-pect 
ra t ioa 2.98, taper ra t ios  0.45, and modified NACA &A-series a i r f o i l  
sections. 
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(b) Twisted and cambered wing-fuselage  combination. 

Figure 1.- Concluded. 
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(a) w i n g  alone. 

Figure 2.- Flat wing model with 50' 38' eweptback wing, aspect ra t io  2.98, 
taper ratio 0.45, and modified WCA 64A-series a i r fo i l  eections mounted 
on the transonic bump. 

. .. . 
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Figure 4.- Typical Mach amber contour over transonic bump i n  region of 
mdel location. 

. . .. . 



Figure 5.- Variation of test Reynolds number vith  Mach number for a model 
wLtb 50° 38' mptback wlng, aspect ra t io  2.98, taper ra t io  0.45, and 
modified NACA 6k-ser1es a i r fo i l  sectio?. 

. . .  
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(a) a against CL. 
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Figure 7.--Flat wfng-fuselage combination and twisted and cambered wing- 
fuselage combination aerodynamic characteristics for the model with 
50° 38' sweptback wings, aspect ratio 2.98, taper r a t i o  0.45, and 
modified NACA 6lbA-seriea airfoil sections. 
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Figure 10.- SUmmElry of aerodynamic characteristfcs of t h e   f l a t  wing alone 
and twisted and chbered wing alone f o r  the model w i t h  Po 38' awept- 
back  wing^, aspect  ratio 2.98, t aper   ra t io  0.45, and modified NACA 
64A-series a i r foi l   sect ions.  (Slopes are averaged  over  lift-coefficient 
range of  0 . t o  0.4. ) 
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